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ABSTRACT 
 
 
Reniform nematode, Rotelynchulus reniformis, is a semi-endoparasite capable of 
infecting more that 300 host plant species in tropical, subtropical, and warm temperate 
regions.  Female nematodes penetrate host roots and introduce effectors that lead to the 
formation of multinucleate feeding sites called syncytia. The objective of our study was 
to identify plant genes involved in the process of syncitium formation.  We used a split-
root system in which half of a plant’s roots were inoculated with R. reniformis while the 
rest of the root system remained uninfected.  Illumina RNA-seq was used to quantify 
gene expression patterns in replicate samples of infected and uninfected root tissue at 
three, six, nine and twelve days after inoculation.  Reads were mapped to the soybean 
reference genome using TopHat, transcript abundances were calculated with HTSeq, and 
genes differentially expressed between inoculated and non-inoculated roots were 
identified using DESeq2.  Blast2GO Pro was used to annotate differentially expressed 
genes and to identify GO terms over-represented in the differentially expressed gene set. 
Among the differentially expressed genes include several cell wall modifiers, proteins 
related to hormone response and production, cell cycle regulators, and transcription 
factors.  Our work provides a foundation for understanding the role of plant-based gene 
expression changes on reniform nematode infection and feeding site formation. 
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1 
BACKGROUND 
Reniform nematode, Rotylenchulus reniformis (Linford & Oliveira), is a 
successful sedentary plant parasite that can infect over 300 plant species across a wide 
geographic distribution that includes tropical, subtropical, and warm-temperate regions 
worldwide 2, 3.  Known hosts include commercial crops like cotton, pineapple and 
soybean, making the damage caused by R. reniformis a significant problem in terms of 
economic impact and global food security.  In the United States alone, reniform 
nematode infection costs millions of dollars annually from losses in crop yield  4. 
Despite its wide host range, reniform nematode forms a close association with 
infected plants to carry out a complex feeding process similar to that of other sedentary 
plant-parasitic nematodes 5.  During infection, the immature female partially penetrates 
into a root until her head reaches the endodermis.  Once there, the nematode inserts her 
stylet into an initial cell and injects a proteinaceous secretion of enzymes and other 
effectors believed to induce the formation of a plant-based feeding site 6, 7.  Specifically, 
the feeding site is a syncytium that forms when the cell walls of the initial endodermal 
cell and individual pericycle cells dissolve to create a continuous cytoplasm.  Further 
physiological changes take place to make the syncytium a highly anabolic feeding site 
that supplies the nematode with the nutrients it needs to reach maturity and reproduce 8, 9.   
In the past, studies have looked at the role of plant genes in the formation of 
feeding sites associated with other economically important species of sedentary plant-
parasitic nematodes in the genera Meloidogyne (root-knot nematodes) and 
Heterodera/Globodera (cyst nematodes) 10-12.  However, few studies have investigated 
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reniform nematode’s effect on gene expression in plant roots, and how changes therein 
lead to the establishment and maintenance of a feeding site.   
Working with soil-borne root pathogens can often be a challenge.  One problem 
researchers face is a lack of selectivity during root inoculation, making it at times 
difficult to compare infected and non-infected tissue on the same individual.  To establish 
expression profiles specific to the infected tissue, some studies have relied on laser 
capture microdissection (LCM) to isolate the cells that appear to be part of a nematode-
induced feeding site 13-16.  However, LCM can be time-intensive and the quantity of 
isolated material is limited by the amount of identifiable target tissue within a prepared 
section 17.  The implementation of a split-root system provides an alternative approach 
that can solve these problems.  By partitioning the roots, infected and non-infected 
treatments can be assigned to the same tissue type within an individual plant.  Blocking 
treatment by individual decreases variation between samples and helps control for 
differences in systemically expressed genes that can result from a plant’s general defense 
response but play little to no role in orchestrating syncytium formation.   
For this study, we describe the implementation of the split-root system in a 
susceptible soybean cultivar over a 12-day time course.  Results herein describe a list of 
candidate genes related to cell wall modification, phytohormone regulation, and cell 
cycle alteration that were identified to be likely involved in syncytium formation and 
preservation.  Annotation and expression analysis of these candidates suggest putative 
gene function and give new insight into the biology of the syncytium as a result of plant-
tissue responding to reniform nematode infection.   
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MATERIALS AND METHODS 
Split-root growth system and nematode inoculation 
Seeds of Glycine max cv. Hutcheson (reniform nematode susceptible) were 
germinated in vermiculite at 28 ± 2° C and 50% relative humidity (RH) under a 14-h/10-
h (light/dark) photoperiod.  After cotyledon emergence, a horizontal cut was made across 
the base of each taproot to encourage lateral root proliferation.  After one week, lateral 
roots of each seedling were grouped into two approximately equal bundles and planted 
through the arms of an inverted Y-tube (diameter 2.22 cm) into two separate 300 cm3 
pots filled with fine pasteurized sand.  One week later, twelve uniform plants were 
selected for the study.   
Reniform nematodes were obtained from soil collected in St. Matthews, SC, USA 
during the summer of 2013.  Soil samples were mixed with water and filtered through a 
180µm sieve into a 500µm collection sieve.  Nematodes were separated from the 
remaining soil mixture using sugar centrifugal flotation and thoroughly rinsed prior to 
quantification 18.  From these counts, a nematode/tap water suspension was created and 
used for inoculation. Half the root system of each plant was inoculated with 3000 
reniform nematodes in 2ml water; the other half of the root system received 2ml of water 
as a control.  
 
Transcriptome sequencing, assembly, and annotation 
Approximately 500µg fresh weight (FW) of inoculated and non-inoculated root 
tissue was harvested from each of three replicate plants at 3, 6, 9, and 12 days after 
 4 
inoculation (DAI), for a total of 24 samples (2 tissue types x 4 dates x 3 biological 
replicates). Tissue was stored in RNAlater® Stabilization Reagent (Ambion, Austin, TX).  
RNA extraction, quality assessment, 100-bp paired-end library preparation, barcode 
tagging, and sequencing on two lanes of the Illumina HiSeq 2000 platform (Illumina, San 
Diego, CA) was performed at the University of Arizona Genetics Core (Tucson, AZ).  
A total of 309,542,467 reads were generated, with an average of 12,897,603 reads 
per sample (Table 1). Read quality was assessed with FastQC v0.10.1 19, followed by 
adaptor trimming via Trimmomatic v0.32 20 and content-dependent quality trimming on 
ConDeTri v2.2 21. The average per-read quality score after trimming and filtering was 
Phred = 36.7.  Cleaned reads from each sample were mapped to the Glyma1 v1.1 build of 
the soybean reference genome with Bowtie2 v2.1.0 and TopHat v2.0.11.  Within TopHat 
the –G option was used to imported the Glyma1.0 reference annotation 
(http://www.phytozome.net/) 22, 23.  
Transcripts were assembled separately for each sample using Cufflinks v2.2.1.  
Transcript files from all samples were then merged with the Glyma1.0 reference 
annotation using Cuffmerge to generate a single reference transcriptome 23.  Functional 
annotation of the merged transcripts was performed using BLAST+ v2.2.30 24 to execute 
a BLASTx search against the NCBI non-redundant protein database (E < 10-6).  Sequence 
descriptions, gene ontology (GO) terms, Interpro IDs, enzyme codes and Kegg pathways 
were assigned to transcripts with Blast2GO PRO v3.0 software 25.   
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Determining differential gene expression 
The number of reads mapping to each gene was quantified with HTSeq v0.6.1 26. 
Transcripts differentially expressed between inoculated and non-inoculated roots on each 
sampling date were identified with DESeq2 1 using a false-discovery rate (FDR) ≤ 0.0127.  
Because samples were paired (i.e., one inoculated and one non-inoculated sample from 
each plant), plant was included in the DESeq2 model as a blocked variable.  Genes were 
considered to be differentially expressed if they fulfilled two criteria: (1) an adjusted p-
value of ≤ 0.01 and (2) ≥ 3 fold-change between treatments.  To compare expression 
levels across sampling dates, the variance stabilizing transformation from the DESeq2 
package was applied to the normalized expression counts for all treatments.  Mean 
expression values within each treatment for each date were calculated and used to build 
expression heatmaps with the heatmanp.2 R package 1.   
 
GO enrichment analysis 
Gene ontology terms enriched in the up- and down-regulated gene sets were 
identified using a one-tailed Fisher’s Exact Test with a FDR ≤ 0.05 performed on 
Blast2GO Pro.  The grouping and summarization of enriched GO terms as well as 2D 
plotting and semantic clustering were conducted on the REVIGO online analysis tool 
(http://revigo.irb.hr/) 28.   
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RESULTS 
Overview of transcriptome assembly 
Using paired-end Illumina RNA-seq, a total of 309.5 million reads was generated 
across the entire experiment with an average of 12.9 reads per sample.  After trimming to 
remove adaptor contamination and improve sequence quality, the paired and unpaired 
reads were mapped to the soybean genome using TopHat, which resulted in 71.9 - 96.3% 
of processed reads being uniquely mapped to the reference (Table 1) 23.   
 
Comparison of gene expression between infected and control roots 
Expression abundance of each gene was quantified using HTSeq, revealing a total 
of 46,995 genes expressed in at least one sample across the time-course 26.  Counts were 
independently filtered to remove genes with low expression levels, and differential 
expression analysis between infected and non-infected tissues was performed in R 
package DESeq2 (Figure 1) 1.  Using a false discovery rate (FDR) ≤ 0.01 and fold-change 
≥ 3 as a cutoff for significance, 3901 genes were determined to be differentially 
expressed across all conditions and time points.  Of those, 802 genes showed lower 
expression in infected roots, and 3098 demonstrated higher expression.  A single sugar 
transporter gene, Glyma13g28450, showed variable regulation, being both over- and 
under-expressed in infected root tissue on different sampling dates.  The lists of 
differentially expressed (DE) up- and down-regulated genes from each date were then 
compared, revealing genes unique to a particular time point and those shared between 
two or more dates (Figure 2).   
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Assessing the role of DE genes in syncytium formation 
To infer putative function of the DE genes, a merged transcriptome was created 
from the soybean reference annotation and the sequenced reads.  These genes were 
annotated using a combination of BLAST+ and Blast2GO Pro 25.  Of the 55,336 predicted 
gene loci, 84.5% received a blast hit in the NCBI non-redundant (nr) protein database and 
61.9% were annotated with gene ontology (GO) terms.  Proportionally, more DE genes 
received annotation compared to the overall transcriptome with 98.4% receiving hits in 
the nr database and 76.4% being assigned GO terms.   
Differentially expressed genes were grouped into two categories (early and late) 
based on sampling date such that genes from 3/6 days after inoculation and 9/12 days 
after inoculation (DAI) were grouped, respectively.  The early and late groups were then 
subdivided into up- and down-regulated DE gene sets.  Using a Fisher’s exact test with an 
FDR ≤ 0.05, a GO term enrichment analysis was performed separately on the up- and 
down-regulated DE genes within the early and late time points to identify terms that were 
overrepresented in each category.  This resulted in 158 enriched terms in the early DE 
gene set that were down-regulated, 203 terms in the early DE set that were up-regulated, 
22 terms in the down-regulated and late DE set, and 174 terms in the up-regulated and 
late DE set.   
Because GO terms are hierarchical in nature, with more specific child terms or 
sister terms nested within more general parent terms, additional analysis was employed to 
remove the redundancy of overly general GO terms 28.  Overlapping enriched terms were 
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grouped under representative GO terms and plotted on a 2-deminsional area based on the 
semantic similarity of the terms (Figure 3).  Enriched GO terms for early, up-regulated 
and down-regulated DE genes collapsed into 40 and 25 groups respectively.  Gene 
ontology terms enriched at the late time point within up-regulated genes were 
summarized in 33 groups and only two groups were created for enriched GO terms 
associated with late, down-regulated genes.   
The expression patterning of genes with enriched GO terms revealed many likely 
candidates of the reniform-induced plant response (Figure 4).  Genes involved in cell wall 
organization, cell cycle regulation, hormone regulation, and transcription regulation all 
show regulation patterns consistent with the infection status of the root tissue.  Many 
genes also matched our current understanding of cell structure modifications observed 
during reniform nematode infection and/or feeding site formation in similar plant-
parasitic nematodes. 
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DISCUSSION 
Through transcriptomic comparison, we studied soybean in a split-root system to 
gain insight into gene expression changes during reniform nematode infection at different 
time points.  Reniform nematode infection can be divided into an early stage of 
syncytium initiation (3 to 6 days after infection) and a late stage of syncytium 
maintenance and expansion (9 to 12 days after infection) 8, 9, 29, 30.  During early infection, 
an immature female nematode penetrates the root epidermis and cortical cells to arrive at 
the endodermis where she begins syncytium development.  During initiation, cell walls of 
the pericycle display an uneven thinning that eventually converges into full breaks, 
connecting one cell to the next in a continuous mass.  The plant cell tonoplast also 
disassembles to be replaced by smaller vacuoles, and the number of mitochondria and 
plastids increase.  A slight increase in the size of the endoplasmic reticulum (ER) and 
nuclei within the structure has also been observed during early infection, along with a rise 
in the number of ribosomes.  Together these changes form a denser cytoplasm 8, 30.  By 9 
days after infection (late infection), syncytia are well established and the number of 
conjoined cells increases along with the size of the nuclei and rough ER found therein.  
Ribosomes, mitochondria and plastids also continue to increase in number within the 
syncytium and the thickening of some cell walls is also observed.  At day 12 the syncytia 
continue to grow out from the site of initiation and maintain a dense organelle-rich 
cytoplasm 8, 30.   
In conjunction with syncytium initiation, differential expression analysis revealed 
that the highest number of DE genes occurred early during infection, specifically 3 DAI.  
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Samples on date 3 also showed the highest observed magnitude of expression when 
compared to those from other DAI.  For all time points, except at 6 DAI, there were more 
significantly up-regulated genes in infected tissue than down-regulated genes.  Plants 
from 6 DAI showed the smallest number of DE genes for all dates, an observation which 
likely is due to a dramatic increase in the expression variance of infected roots from that 
time point.  The resulting decrease in statistical power allowed only a few genes with 
relatively high expression fold changes to be called significant.  
A GO enrichment analysis of DE genes grouped by early and late time points 
added biological relevance to the differential analysis by revealing patterns in 
overrepresented gene functions.  Summarizing the enriched biological process GO terms 
in REVIGO simplified the ontologies and clustered them by semantic similarity in an x 
and y plain, making patterns easier to discern.  Early, up-regulated genes include those 
related to DNA structure modification and regulation, hormone regulation, nodulation, 
amino acid metabolism, and cell wall and cell cycle modification.  Genes that are down 
regulated, early in infection participate in oxidative stress and cell death response, 
transportation and localization, signaling, and cell wall biogenesis.  These biological 
processes align with gene expression studies of root-knot nematodes (RKN) and cyst 
nematodes (CN) that describe plant response to sedentary nematode infection to involve 
both defense and stress responses, cell wall modification, alteration in metabolism, 
hormone response, and signal transduction 31, 32.  Though fewer genes were differentially 
expressed later in infection they show enrichment of many similar biological processes.  
Up-regulated genes occurring in the late infection period produced GO term clusters 
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related to DNA modification and regulation, cell cycle, cell wall and cytoskeleton 
rearrangement, and several metabolic processes involving amino acids and 
carbohydrates.  Late, down-regulated genes cluster succinctly into two summary GO 
terms dealing with DNA and regulation of transcription.   
To understand the potential role of specific genes associated with the enriched GO 
terms, expression profiling was performed across the time course to search for patterns 
that complemented syncytium formation.  Some of these genes pertaining to cell wall 
organization, hormone regulation, cell cycle regulation, and transcription regulation will 
be discussed in the following sections. 
 
Plant-based cell wall modifiers 
Plant cell walls are thick matrices of cellulose microfibrils, hemicelluloses, 
pectins and proteins that provide structural support and act as a formidable barrier to 
pathogen invasion 33.  A key component in syncytium formation is to remove or modify 
these rigid structures to allow the coalescence of multiple individual cells.  Many plant-
parasitic nematodes have the ability to produce their own cell wall degrading enzymes 
thought to aid in root penetration. However, well-documented changes in the regulation 
of plant-based cell wall modifiers during both RKN and CN infection, suggest these 
enzymes are key in feeding site establishment 34, 35.   
For reniform-infected soybean roots, twenty-five expansin or expansin-like genes 
showed up-regulation compared to the non-inoculated roots.  Expansins represent a large 
family of non-enzymatic proteins that act as cell wall modifiers by loosing non-covalent 
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bonds found between cellulose microfibrils and/or hemicelluloses 36.  Though not directly 
involved in cell wall degradation, these proteins weaken the structure of the cell wall and 
allow enzymes easier access to its components.  Increases in expansin expression occur in 
soybean CN infection and have been shown to play an important role in RKN giant cell 
formation 37, 38.     
Reniform-induced expansin production could prime the system for the up-
regulated cell wall degradation enzymes we observed in our study.  These include 
fourteen endoglucanase and endoglucanase-like enzymes that function in the disassembly 
of cellulose and ten xyloglucan endotransglucosylase hydrolases (XETs) that cleave 
cross-linkages between cellulose and hemicellulose 39.  Breaking xylan/cellulose cross-
links is an important step to natural cell expansion and its role in syncytium development 
is supported by the discovery of up-regulated XETs in transcriptome analysis of isolated 
soybean CN syncytia 40.  
Cell wall degrading enzymes known to act on pectin were also up-regulated and 
included ten pectate lyases, nine pectinesterases, and sixteen 
polygalacturonase/polygalacturonase-like proteins.  Both pectate lyase and 
polygalacturonase (pectin depolymerase) take part in pectin catabolism directly where as 
pectinesterase converts methylated pectin into a form the prior two enzymes can process 
38.  It is possible that these act in conjunction with cellulose processing enzymes to lyse 
cell wall partitions during syncytium formation and expansion.  In fact, the knockout 
mutation of a pectinesterase in Arabidopsis thaliana led to reduced root susceptibility to 
Heterodera schachtii (sugar beet cyst nematode) infection 41.    
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It is also important to consider the down-regulation of certain cell wall modifying 
genes that suggests their role in syncytium development.  Not only are cell wall 
components being actively degraded but the expression of cell wall biogenesis genes are 
being altered as well.  In infected tissue eight cellulose synthases and five callose 
synthases were expressed at lower levels, potentially decreasing the amount of both 
compounds in infected tissue.  The absence of new cellulose could prevent the plant from 
repairing cell wall damage and a lack of callose could alter the cell’s pathogen and 
wound response 42.  Another down-regulated set of candidates involves three 
COBRA/COBRA-like genes, whose proteins act at the plasma membrane/cell wall 
interface 43.   
Further research is needed to elucidate the exact role and interplay between these 
sets of homologous cell wall genes, but the complementary nature of differential 
expression does pose evidence for potential targets of reniform infection.  A few genes 
ran counter to the observed pattern, which included two cellulose synthases and one 
COBRA gene that showed up-regulation in the inoculated roots.  In addition to the many 
pectinesterase genes, seventeen pectinesterase inhibitors were also up regulated, hinting 
at a complex underlying regulatory system. 
 
Changes in phytohormones 
Normal growth and development patterns as well as components of the plant 
defense response are often regulated by hormone signals.  Not surprisingly, both the 
proteins responsible for regulating hormone levels and those that act as hormone 
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receptors have long been suspected for their role in nematode parasitism 44.  Auxin or 
indole-3-acetic acid (IAA) in particular has drawn the interest of many researchers for its 
roles in lateral root development and maintenance of apical dominance in meristematic 
tissue.  Auxin often acts through auxin response modules where AUX/IAA repressor 
proteins bind and inhibit the activity of one or more auxin response factor(s) (ARF) from 
interacting with an auxin response element (AuxRE) in the DNA.  In the presence of 
auxin, ARFs are freed from the AUX/IAA-ARF complex via SCF ubiquitin ligase, and 
can alter gene expression 45, 46.  
Auxin levels within a cell are regulated by influx and efflux auxin transport 
proteins.  During lateral root emergence, the auxin efflux proteins concentrate auxin in 
the apoplasm around newly initiated lateral roots.  The influx transporter LAX3, then 
brings auxin into cortical cells to increase the expression of subtilisin-like proteases, 
pectase-lyases, methylesterases, expansins, and β-xylosidases to loosen cell-to-cell 
attachments, similar to changes seen in nematode-induced feeding site formation 47.  Up-
regulation of the LAX3 gene has been observed in CN infection and a possible LAX3-
inducing nematode effector has been identified in sugar beet CN 48.   
In our study, two LAX3 genes and one auxin efflux transporter gene showed up-
regulation in infected root tissue.  Twelve AUX/IAA genes also showed differential 
expression where eleven were up-regulated and one was down-regulated with respect to 
the control.  Conversely, expression of eight ARF genes were different between 
treatments.  Seven of which were down-regulated and one was up-regulated.  The 
potential LAX3 mediated upswing of IAA levels in conjuncture with the DE regulatory 
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components of auxin modules could indicate auxin’s involvement in cell structure 
modification during feeding site formation through mechanisms similar to those used in 
lateral root development.   
Further evidence of this can be seen by the up-regulation of five cytokinin 
dehydrogenase genes in infected roots.  In many respects cytokinin function runs counter 
to that of auxin as it acts as an inhibitor of lateral root development 49.  Cytokinin 
dehydrogenases promote oxidation of cytokinins that leads to their degredation 50.  
Greater expression of cytokinin dehydrogenase during reniform infection has the 
potential to remove inhibitory cytokinins and instead promote changes in auxin-induced 
gene expression.  RKN infection in rice has also demonstrated evidence of a down-
regulation in the cytokinin pathway 51.  However, the role of cytokinins in syncytium 
formation should not be completely ignored as indicated by the presence of three 
cytokinin riboside 5-monophosphate phosphoribohydrolase LOG7 genes responsible for 
producing cytokinin precursors 52. 
In addition to the role of hormones that affect structure, others function in 
defense.  The primary plant defense hormones include jasmonic acid (JA), ethylene (ET), 
and salicylic acid (SA) but emerging research shows that auxin, cytokinins, and 
brassinosteroids all corroborate in a complex regulatory network 53.  Through past work 
ET induction has been shown to support CN susceptibility and syncytium formation in 
plants, however this does not seem to be the case for RKN giant cell development 54-56.  It 
seems probable that ET also plays a role in reniform nematode infection due to the 
presence of ten ap2-like ethylene-responsive transcription factors, one ethylene 
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insensitive-like protein, and 44 total ethylene-responsive transcription factors all 
differentially expressed in inoculated tissue.   
Within the defense-related hormones, there were also eleven genes involved in the 
brassinosteroid (BR) pathway.  Brassinosteroids have a complicated interaction in plant 
defense where their expression down-regulates mechanisms of the SA and JA defense 
responses.  The interplay of the BR and SA pathways was described during fungal 
infection of Pythium graminicola on rice 57.  The brassinosteroid affect on the JA 
pathway was also observed in rice but during RKN infection, and an increase in BR 
pathway gene expression was seen within root-knot galls 51, 58.  The over-expression of 
BR pathway components during reniform infection may be further evidence of its 
importance in subverting plant defenses. 
 
Alterations to cell cycle processes 
As syncytia develop, the number of nuclei contained within the structure 
increases.  The increase is thought to occur solely as a result of cell wall disassembly and 
the cytoplasmic amalgamation of newly incorporated pericycle cells, similar to 
syncytium formation for CN.  Like nuclei within the feeding sites of both RKN and CN, 
those found in reniform nematode syncytia also demonstrate an increase in their overall 
size 59.  Recent work regarding the molecular components of cell cycle regulation during 
nematode infection has shown that for RKN and CN, the increase is primarily due to 
nuclear endoreduplication 60.  Comparison of DE genes with GO terms clustering around 
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cell cycle processes show that similar mechanisms could be at play during reniform 
nematode infection.   
Endocyle relies on a change in the normal cell cycle where a cell passes from the 
G1 to S to G2 phases in cycle and then returns to G1 phase without undergoing mitosis 
and cytokinesis.  The heterodimer E2Fa/DPa plays an important role in the shift from G1 
to S phase.  Then the expression of CDKB1 and CYCA2 family proteins promote the G2 
to M transition.  However, CYCA2 is regulated by a cell cycle switch (CCS52) protein 
family that stimulates the anaphase-promoting complex (APC/C), a mitotic cyclin 
degrading ubiquitin protein ligase that promotes endoreduplication 60, 61.  The APC 
pathway plays a critical role in endocyle for RKN and CN infection, as evidenced by the 
knockdown of CCS52, resulting in delayed development and significant decrease in 
nematode reproduction 62.   
The feeding sites created by reniform nematode show evidence of 
endoreduplication in their expanding nuclei through the up-regulation of an E2Fa family 
protein.  In addition to its role in G1 to S transition, E2Fa expression in Arabidopsis root 
pericylce has been recognized for its role in lateral root initiation 45.  Evidence of DNA 
replication can also be seen in the up-regulation of seven genes encoding DNA 
replication licensing factors and mini-chromosome maintenance complexes, several 
cytoskeletal and chromatin modifiers, and eleven cyclins.  These include the up-
regulation of two cyclin a2 family genes (CYCA2s) seen in conjunction with an up-
regulated component of the APC/C, possibly indicating mitotic suppression.  It is also 
worth mentioning that a CCS52A family protein did show significant up-regulation at an 
 18 
FDR < 0.01 in the study though it did not meet the 3 fold expression cutoff we set.  It 
should be noted that this cutoff is somewhat arbitrary and was designed as a conservative 
estimate to narrow the list of DE genes for this investigation and may exclude 
biologically relevant genes showing differential expression.  Interestingly, a second 
APC/C promoter gene, CCS52B/protein fizzy-related 3, did show up-regulation at both 
the FDR and fold change levels 62.  Ultimately, functional analysis of these candidates 
will be necessary to verify their role in endoreduplication. 
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CONCLUSION 
Differential expression analysis of plant tissue infected by reniform nematode has 
revealed genes putatively involved in feeding site formation.  Interestingly, many of these 
genes overlap with our current understanding of expression changes elicited by well-
studied members of RKN and CN.  Though not a complete list, the candidate genes that 
we have identified through expression level analysis and annotation pose many 
interesting questions into the similarities and differences of infection by plant-parasitic 
nematodes.  Our work provides a foundation for understanding the molecular components 
underpinning the plant-based response to reniform nematode infection.  
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Table 1 – Summary of raw, processed, and mapped read data per biological 
replicate as separated by date and treatment  
 
 
Treatment 
Total 
number 
of raw 
reads 
Number 
of paired 
reads 
after 
trimming 
Number of 
unpaired 
reads after 
trimming 
Total 
number 
of 
trimmed 
reads 
Number 
of 
uniquely 
mapped 
reads 
non-inoculated 3 DAI, rep 1 17778364 12832774 2472795 15305569 14000810 
non-inoculated 3 DAI, rep 2 19087976 10508292 4289842 14798134 11763733 
non-inoculated 3 DAI, rep 3 20881601 14987549 2947026 17934575 16175989 
inoculated 3 DAI, rep 1 22628508 13253018 4687745 17940763 14580736 
inoculated 3 DAI, rep 2 23728652 15578838 4074907 19653745 16813736 
inoculated 3 DAI, rep 3 24052287 15463025 4294631 19757656 16711926 
non-inoculated 6 DAI, rep 1 9234334 7581894 826220 8408114 7842031 
non-inoculated 6 DAI, rep 2 9327667 7576801 875433 8452234 8103696 
non-inoculated 6 DAI, rep 3 9715664 7974386 870639 8845025 8449242 
inoculated 6 DAI, rep 1 9497406 7766114 865646 8631760 8213291 
inoculated 6 DAI, rep 2 10964013 8884669 1039672 9924341 9553954 
inoculated 6 DAI, rep 3 9917643 8174719 871462 9046181 8589298 
non-inoculated 9 DAI, rep 1 12726853 6517007 3104923 9621930 7093943 
non-inoculated 9 DAI, rep 2 17172153 9975017 3598568 13573585 11214282 
non-inoculated 9 DAI, rep 3 20444325 9674097 5385114 15059211 10821327 
inoculated 9 DAI, rep 1 19454596 12712824 3370886 16083710 11142177 
inoculated 9 DAI, rep 2 15274555 10556337 2359109 12915446 11500481 
inoculated 9 DAI, rep 3 17103856 11578528 2762664 14341192 11474282 
non-inoculated 12 DAI, rep 1 10085201 8064901 1010150 9075051 8497200 
non-inoculated 12 DAI, rep 2 10926525 8823341 1051592 9874933 9456781 
non-inoculated 12 DAI, rep 3 7127871 5212239 957816 6170055 5673363 
inoculated 12 DAI, rep 1 7484669 6078091 703289 6781380 6342999 
inoculated 12 DAI, rep 2 5343491 4279381 532055 4811436 4428506 
inoculated 12 DAI, rep 3 10562590 8545876 1008357 9554233 7993189 
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Figure 1 – Visualization of gene expression levels and differential analysis.  Graphs 
represent a comparison of all genes expressed at their respective dates.  Each point 
represents a gene where the log2 fold-change of expression between infected and non-
infected tissue is plotted against the -log10 of the gene’s corresponding adjusted p-value.  
Black represents genes that did not differ significantly between treatments. Yellow 
signify genes with significant adjusted p-values but that fall below a 3-fold difference in 
 22 
gene expression.  Red represents genes meeting both these criteria, which were used for 
annotation and GO enrichment.  
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Figure 2 – Gene expression overlap.  Venn diagrams that show the consistent down- 
(bottom) and up-regulated (top) DE genes across all four sampling dates of the time-
course.  Numbers in each segment are counts of genes unique to that category.   
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Figure 3 – Gene ontology clustering and visualization.  Significantly enriched GO 
terms in early and late DE gene sets as assigned by REVIGO analysis.  Enriched 
biological process GO terms plotted in a 2D semantic space and clustered under 
 25 
representative GO terms.  Circle size corresponds to the specificity of the GO term such 
that smaller circles are more specific.  
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A. 
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Figure 4 – Gene expression pattern.  Comparison of gene expression levels within three 
major categories of DE genes across treatment and time.  The heatmaps represent gene 
expression for select genes annotated with functions related to cell cycle (A), 
phytohormones (B), and cell wall modifiers (C), respectively.  Values represent variance-
stabilized transformations of normalized count data from each treatment so comparison 
could be made 26. 
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